One of the greatest threats to global tuberculosis (TB) control is the growing prevalence of drug resistant strains. In the past decades, considerable efforts have been made upon the development of new molecular technologies and methodologies for detection of drug resistance in Mycobacterium tuberculosis (MTB). A sensitive, specific reverse line blot assay, called rifoligotyping (RIFO), for the detection of genotypic resistance to rifampicin (RIF), was designed and evaluated. RIFO includes oligonucleotide probes specific for wild-type and mutant sequences, allowing specific and sensitive detection of both genotypes in a single assay. The RIFO was applied on 500 MTB isolates from Morocco. The results of the RIFO showed a good sensitivity (90.9%) and high specificity (100%); the positive and negative predictive values were 100% and 96.1%, respectively. This rapid, simple, economical assay provides a practical alternative for RIF genotyping, especially in low-income countries, to improve TB control and management.
Introduction
Tuberculosis (TB) is a treatable airborne infectious disease with almost 500,000 multidrug resistant tuberculosis (MDR-TB) cases emerging annually, of which 5%À7% become extremely drug resistant (XDR). [1, 2] Thus, rapid diagnosis of drug resistant tuberculosis (DR-TB) is one of the cornerstones for global TB control, as it allows adequate and efficient therapeutic interventions. [3, 4] Basically, the slow growth of the tubercle bacillus is the greatest obstacle to rapid diagnosis of the disease. [4] Usually, the gold-standard of TB diagnosis by culture takes weeks to become positive and even with the up-to-date automated fluid culture methods, it takes an average of 14 days.
[5À7] Another 14 days are required for additional testing to get the information on drug susceptibility. [7À9] In the past decades, major advances in molecular biology tools and the availability of new information generated after deciphering the complete genome sequence of Mycobacterium tuberculosis (MTB) increased our knowledge of the mechanisms of resistance to the main anti-TB drugs and showed that specific genetic mutations were associated with drug resistance. [10À12] Rifampicin (RIF), discovered in 1963, is the most powerful bactericidal drug against TB, the most potent sterilizing drug available and a key component for TB treatment.
[11À13] RIF resistance (RIF R ) is particularly amenable to rapid molecular detection, since more than 95% of all RIF R strains contain mutations localized within the 81 bp core region of the bacterial RNA polymerase rpoB gene, known as an RIF R determining region (RRDR), which encodes the active site of the enzyme. [11, 12, 14, 15] Moreover, mutations that occur in this region are highly predictive of RIF R , whereas susceptible isolates almost have the same wild-type nucleotide sequence. [11,12,16À18] Interestingly, RIF R is strongly, although not invariably, a surrogate marker for MDR-TB (defined by concomitant resistance to isoniazid À another key anti-TB agent). [12, 19] Recently, there has been considerable progress in the development of novel diagnostic tools, especially molecular methods, for direct detection of MTB in clinical specimens. [4, 20, 21] These methods based on nucleic acid amplification (NAA) of different targets, aim to identify the MTB complex and detect specific genetic mutations that are most frequently associated with phenotypic resistance to one or more drugs. [22À24] In general, these molecular methods available as commercials kits are recommended since they have a better level of standardization, reproducibility and automation. However, some aspects, such as cost-efficiency and the appropriate setting for the implementation of these techniques, are not yet well established. The World Health Organization (WHO) strongly supports the implementation and universal use of these new molecular methods, especially GenXpert MTB/RIF, to detect resistance to RIF and thus predict MDR-TB. [25] GenXpert MTB/RIF, an automated molecular test for MTB detection and resistance to RIF, uses heminested real-time polymerase chain reaction (PCR) assay to amplify an MTB-specific sequence of the rpoB gene, which is probed with molecular beacons for mutations within the RRDR. [26À28] Alternatively, a home NAA method called rifoligotyping (RIFO) provides a practical alternative to sequencing and to GenXpert MTB/RIF, especially in low-income countries. It is designed to detect genotypic resistance within the rpoB core region in RIF resistant strains. [29] This approach is based on the principle of reverse hybridization and simultaneously detects a wide range of mutations affecting six independent codons of the rpoB gene. The RIFO includes oligonucleotide probes specific for both wild-type and mutant sequences, allowing sensitive detection of all genetic mutations in a single assay.
This study was planned to optimize the RIFO in our setting, using DNA samples with known sequences, and then to apply it on a collection of MTB strains from Morocco. The aim was to determine the sensitivity and specificity of the RIFO assay for accurate and rapid detection of RIF R in smear-positive pulmonary clinical specimens, to predict MDR strains and improve the control and management of TB.
Materials and methods

Mycobacterial strains
A collection of 500 isolates from patients with pulmonary TB from different cities in Morocco were collected from the National Institute of Hygiene and Institute Pasteur and used for optimization and validation of the RIFO. The MTB strain H37Rv was used as a reference strain for wild-type genotype. Well-defined DNA samples (from laboratory collection) with diverse genetic mutations were used as mutant controls.
Drug susceptibility testing
The drug susceptibility testing (DST) of all isolates was determined by the conventional L€ owensteinÀJensen medium proportion method described by Canetti et al. [30, 31] The concentration of RIF in the medium was 40 mg/mL.
Template DNA isolation DNA templates for genotyping were prepared from scraped colonies suspended in 400 mL of 1x TE buffer (10 mmol/L Tris-HCl pH: 8.0, 1 mmol/L ethylenediaminetetraacetic acid (EDTA) pH 8.0, followed by heat inactivation at 100 C for 10 min, and stored at À20 C until further use.
PCR amplification
The hot Spot region of the rpoB gene was amplified by PCR using the primers rpoB-For (5 0 -Biotin-TGGTCCGCTTGCACGAGGGTCAGA-3 0 ) and rpoB-Rev (5 0 -Biotin-CTCAGGGGTTTCGATCGGGCACAT-3 0 ). For the PCR reaction, 50 mL of the following mixture was used: PCR buffer 10X (Invitrogen, Saint Aubin, France), 2 mmol/L of MgCl 2 , 2.5 mmol/L of each deoxynucleoside triphosphate (dNTP), 10 mmol/L of each of the biotinylated primers: rpoB-For and rpoB-rev, 1 U/mL of Taq DNA polymerase (Invitrogen, Saint Aubin, France) and 10À100 ng of DNA (2 mL of lysate). The PCR was run for 30 cycles of 96 C for 1 min, 62 C for 1 min, 72 C for 1 min followed by final extension at 72 C for 10 min. Amplicon was used for RIFO only if a single band of 465 bp was clearly visible.
Rifoligotyping assay
Blotting of probes
The amino-linked oligonucleotide probes listed in Table 1 were covalently bound to a Biodyne C membrane (Pall Corporation) by a previously described methodology. [32] Briefly, the membrane was activated by incubation with 16% EDAC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, Calbiochem) for 10 min. The oligonucleotides were diluted to 200 nmol/L in 0.5 M NaHCO 3 and applied to the membrane in parallel lines, using a miniblotter MN45 (Immunetics, USA). After 1 min of incubation at room temperature, the membrane was inactivated with 100 mmol/L NaOH for 10 min and washed in 2x salinesodium phosphate-EDTA (SSPE) 0.1% sodium dodecyl Sulfate (SDS) for 5 min at 60 C. Then, the membrane was sealed in plastic bags containing 20 mmol/L EDTA (pH 8) for further use.
Hybridization
A volume of 10 mL of PCR product was diluted in 150 mL of 2£ SSPE 1%SDS buffer, denatured at 99 C for 10 min and cooled on ice. The heat-denatured single-stranded PCR products were applied on the membrane mounted in the mini blotter. Of the 45 slots in the apparatus, two were reserved, respectively, for positive (strain H37Rv pan-susceptible) and negative (water) controls. The first and the last slots were filled with 160 mL of 2£ SSPE 1%SDS buffer. The remaining 43 slots were available for sample probing and any eventually unused slot was filled with buffer. Hybridization was carried out at 54 C for 60 min. The membrane was then washed twice at 62 C for 10 min in 100 mL of 2£ SSPE 0.5 %SDS buffer. Hybridized DNA was detected by streptavidin-peroxidase incubation (Spterptavidin-POD-conjugate, Roche) and enhanced chemiluminescence detection (ECL: enhanced chemoluminescence detection kit; Amersham, Little Chalfont, UK), as described in the kit insert, followed by exposure to X-ray film (Hyperfilm ECL, Amersham, Little Chalfont, UK). The presence of a clearly visible black square was considered a positive hybridization reaction. All samples were evaluated in duplicate.
Stripping the membrane
For reuse, the membrane was stripped in 1% SDS solution at 80 C (twice for 30À60 min) and rinsed in 20 mmol/L EDTA, pH 8.0, at room temperature. The membrane can be stripped and reused up to eight times without compromising the results.
DNA sequencing
A 157 bp fragment of the rpoB gene was amplified using TR8 (5 0 -TGCACGTCGCGGACCTCCA-3 0 ) and TR9 (5 0 -TCGCCGCGATCAAGGAGT-3 0 ) primers. PCR was performed using 2.5 mL of 10 £ buffer, 1.5 mmol/L MgCl 2 , 0.2 mmol/L of each dNTP, 0.4 mmol/L of each primer, Table 1 . Sequences of oligonucleotide probes used in the RIFO assay.
Lines
Gene probe Sequences 1 U/mL of Platinum Taq Polymerase (Invitrogen) and 5 mL (30 ng/mL) of template DNA in a 25 mL reaction volume under the following conditions: 15 min at 95 C (initial denaturation), 35 cycles of 1 min at 94 C (denaturation), 1 min at 58 C (annealing), 1 min at 72 C (extension), and one final step of 10 min at 72 C (extension cycle) employing the PCR thermocycler ABI 9700 (Applied Biosystems). The amplified fragments were electrophoresed in 1% agarose gels and detected using ethidium bromide along with molecular-weight markers (100 bp DNA Ladder, Promega). The PCR products were purified using EXOSAP-IT (USB, USA) and bidirectionally sequenced on an ABI 3130xl automated sequencer (Applied Biosystems, Foster City, CA, USA), using BigDye Terminator version 1.1 Kits with the same primers used for the amplification. Analysis of electropherograms was done with the sequencing Analysis Mega 4 Software (Applied Biosystems). For each sample, PCR amplification and DNA sequencing were performed twice.
Results and discussion
A home-made test named RIFO for rifampicin oligonucleotide typing was applied to detect RIF resistant MTB strains, isolated from Moroccan patients. The RIFO method was applied on 500 clinical isolates of M. tuberculosis collected over a period of five years. Strains from the laboratory collection were used as known controls for the respective mutations, to improve the specificity and specificity of the test, both wild-type and mutant oligonucleotide probes were used. Initially, DST results showed that 154/500 (30.8%) isolates were phenotypically RIF resistant, whereas 346/500 (69.2%) isolates were RIF sensitive. When applying RIFO, accurate hybridization signals were obtained for all tested strains, except for the 524À529 wt (wild-type) and the 511 CCG mutant probe, which gave weak signals. A sample result of the RIFO assay is shown in Figure 1 . This approach allows the identification of the point mutation in target codons of the rpoB gene; ten different missense mutations involving codons 511, 516, 522, 526 and 531 were identified in 140 strains (Table 2 ). Mutations at codon 531 were observed in 117 (83.6%) of the isolates, at codon 526 in 7(5%) isolates and at codon 516, in 13 (9.3%) isolates. The most common point mutations were Ser ! Leu and Ser ! Trp substitutions at codon 531, which were present, respectively, in 109 (77.9%) and 8 (5.7%) isolates, and Asp ! Val point mutations in 9 (6.4%) isolates.
To confirm the accuracy of the RIFO assay, a subsampling of 100 randomly selected strains was subjected to DNA sequencing of the RRDR region of the rpoB gene. For all strains that were revealed as genotypically resistant, sequencing analysis confirmed the point mutations identified by RIFO. Inversely, no mutation was detected by sequencing within RIF sensitive isolates.
A comparison of phenotypic resistance determined by conventional DST and genotypic resistance characterized by the presence of specific point mutations in the RRDR region of the rpoB gene is shown in Table 3 . A total of 140 isolates were both phenotypically and genotypically resistant strains and 346 isolates were phenotypically sensitive, and RIFO confirmed the absence of any point mutation in the hot-spot region of the rpoB gene. However, discordance was obtained for 14 isolates that were phenotypically resistant strains but did not exhibit any point mutation in the hot-spot region associated with the resistance profile. Interestingly, all phenotypically sensitive strains had a wild-type sequence.
Based on these results, the specificity and sensitivity of the RIFO assay, as compared to the conventional DST, were calculated for the 500 isolates. The RIFO technique proved to have good sensitivity (90.9%) and high specificity (100%). The positive and negative predictive values were 100% and 96.1%, respectively.
Worldwide, the emergence and spread of drug resistance has been one of the greatest challenges facing the global efforts to control TB. The success of TB control programmes depends on the efficacy of TB diagnosis and early detection of TB resistance. Thus, there is a need for appropriate and inexpensive technologies to assess drug resistance for MTB, in order to optimize the use of limited resources in developing countries. Recent advances in molecular biology and new released methods have improved TB diagnosis and drug resistance detection. [33] However, these tools require investments in laboratory infrastructure, biosafety and staff specialization beyond the means of many resource-constrained settings where most patients live.
RIFO is a relatively easy test to perform in a laboratory with a medium level of technological capability. It is based on reverse line blot DNA hybridization for the detection of a panel of mutations in the core region of the rpoB gene. [29, 32] Moreover, the platform described here is rather flexible and additional genes and specific probes can be incorporated for the detection of resistance to other drugs. [34, 35] Several assays were carried out to optimize the hybridization conditions and to achieve strong and neat hybridization signals. The most frequent mutations identified were Ser531Leu, Ser531Trp and Asp516Val. These findings are in agreement with previous studies on MTB isolates from Morocco and other settings. [12, 18, 23] Compared to DNA sequencing, RIFO had high accuracy, as 100% of the point mutations observed by reverse line blot hybridization were confirmed by sequencing. Indeed, the concentration of probes and the stringency conditions of hybridization were optimized to give strong and highly specific hybridization.
The cornerstone of this study is the rapid detection of RIF R strains by RIFO. Thus, among the 500 tested isolates, there were 140 strains with point mutations in the RRDR region of the rpoB gene conferring resistance to RIF with high positive and negative predictive values.
The specificity and sensitivity of detection of RIFO are in concordance with the results obtained by Kourout et al.
[18] using a dot blot hybridization approach and Figure 1 . Typical result of the RIFO assay performed for the rpoB gene. Left to right: columns 1À7 contain blotted oligonucleotides corresponding to the wild-type (wt) sequence of the rpoB gene (duplicates of 509À514 wt and 514À520 wt, 521À525 wt, 524À529 wt and 530À534 wt) and columns 8À20 contain the mutant oligos loaded in the same order as described in Table 1 . Top to bottom: rows 1À26 contain controls of rifampicin susceptible and resistant M. tuberculosis strains and patient samples (PCR products); row 1 is negative control (distilled H 2 O instead of DNA); rows 2À5 contain positive controls (531TTG, H37Rv(wt), Cp531TGG, Cp526TGC).
Strains that lack hybridization to one of the five wild-type oligonucleotides are RIF resistant. Row 13 contains a sample that has a point mutation at position 531 of the rpoB gene (TGC ! TGG). Strains in rows 8À10, 16, 18, 21, 22 and 25 bear the most common mutation: 531 TCG ! TTG. Non-specific hybridization of the 524À529 wt probe.
sequencing. The 14 false negative results corresponding to RIF R strains that had no mutation could be explained by the fact that other mutations conferring resistance might occur in the rpoB gene elsewhere (or outside) the RRDR region, such as V146, or that changes have occurred in one or more genes whose products participate in antibiotic permeability or metabolism. [12,36À38] An advantage of the approach is that the RRDR region of the rpoB gene is flanked by M. tuberculosis specific DNA sequences. Thus, it is possible to test for MTB and for RIF R simultaneously by targeting a single amplicon generated using PCR technology. [39] The overall cost of the test, including DNA extraction, PCR amplification and detection, is of particular interest and could be reduced because of possible reuse of the membrane up to eight times. Additionally, it allows the simultaneous analysis of 41 DNA samples and the oligonucleotide attachment is easy to scale up into a standardized format.
A particular advantage of molecular tests is their rapid turnaround time, especially in view of patient management and transmission of drug-resistant M. tuberculosis. [40, 41] Notably, the RIFO assay has a turnaround time of less than 48 h, which makes it considerably faster than other conventional DST methods. [42, 43] Another advantage of the RIFO assay reported here is that it follows the same format as spoligotyping, which is widely used in reference laboratories for simultaneous identification of MTB complex and strain-typing of MTB isolates. [44, 45] Thus, with the same technology and using the same equipments and reagents, we can perform both RIFO for resistance genotyping and spoligotyping for epidemiological studies. An important issue that remains, however, is the affordability of molecular assays and the associated laboratory infrastructure needs in resource-constrained settings. [46] The advantages of RIFO highlight it as an attractive tool for reference laboratories especially in high MDR-TB burden settings and resource-limited countries. Further ongoing developments of the assay include (1) the implementation of computer image analysis to reduce errors caused by subjective interpretation of the autoradiography, (2) the extension of the drug resistance coverage to other drugs, especially isoniazid and second-line drugs for rapid detection of MDR and XDR-TB. [45, 46] Conclusions The RIFO technique is an attempt to combine different targets (probes) in a single assay for prediction of RIF R . This rapid, simple, economical and highly sensitive and specific assay provides a practical alternative to sequencing for RIF R genotyping to improve TB control management, especially in low-income countries. 
